increased mutagenic activity. In an in vitro mammalian cell assay, analysis of sister-chromatid exchange frequencies in Chinese hamster V79 ceils gave results in general agreement with those of Wade et al. (1978) with respect to the effect of electron-withdrawing groups (von der Hude et al., 1991) .
Work in our laboratory has centered on establishing quantitative structure-activity relationships (QSAR) for series of closely related aliphatic epoxides in the Ames test. The mutagenicity of glycidyl phenyl ether and six para-substituted derivatives was found to correlate with the Hammett substituent constant as a measure of the electronic effects of aromatic substituent groups (Neau et al., 1982) . A multiple regression analysis model was developed to describe the mutagenicity of a series of five para-substituted a-methylstyrene oxides (Rosman et al., 1986) . While van der Waals volume was the most important variable in the model, Hammett values played a lesser but significant role. Several aryl propylene and aryl butylene oxides were tested for mutagenicity, but these epoxides only showed weak correlations to physicochemical parameters (Rosman et al., 1987) . No correlations could be established for the mutagenicity of a series of aromatic glycidyl ethers, although it was noted that increased conjugated aromatic substitution led to increased mutagenicity (Rosman et al., 1988) .
We have previously reported, for a series of propylene oxides (Nelis et al., 1982) , on the correlation between alkylating ability and Taft or* values, which measure the electron-withdrawing strength of substituent groups in aliphatic systems. Subsequent studies on propylene oxide and three derivatives demonstrated a correlation between Taft or* values and reactivity to the deoxynucleosides in DNA (Djuric et al., 1986) . The same study also noted a relationship between deoxynucleoside reactivity and mutagenicity in Salmonella. Hemminki and Falck (1979) reported a correlation between 4-(4-nitrobenzyl)pyridine (NBP) alkylation and mutagenicity in Salmonella and E. coli for the same four epoxides.
In the present investigation, a series of propylene oxides has been extended to include seventeen members in a quantitative structure-mutagenicity study. Mutagenicity to Salmonella is related to alkylating strength, Taft or* values and other physicochemical parameters of substituent groups that may affect mutagenic activity. It was also of interest to examine further the finding reported in Djuric et al. (1986) that the method used to establish mutagenicity influences the relative order of mutagenic potency. The two procedures, a liquid suspension assay and the standard plate incorporation test, were compared and the results used in a regression model to determine methodological factors that influence the measurement of relative mutagenic potency.
Materials and methods

Epoxides
1,2-Epoxypropane (propylene oxide), 1,2-epoxy-3-chloropropane (epichlorohydrin), 1,2-epoxy-3-bromopropane (epibromohydrin), 1,2-epoxy-3-fluoropropane (epifluorohydrin), 1,2-epoxybutane (butylene oxide), 1,2-epoxy-3,3,3-trichloropropane (trichloropropylene oxide), 1,2-epoxy-3-methoxypropane (glycidyl methyl ether) and glycidol were obtained from Aldrich Chemical Company, Inc. (Milwaukee, WI). Additional supplies of 1,2-epoxy-3,3,3-trichloropropane and 1,2-epoxy-3-methoxypropane were purchased from Pfaltz and Bauer, Inc. (Stamford, CN). 2,3-Epoxypropyltrimethylammonium chloride (glycidyl trimethylammonium chloride) was obtained from Fluka Chemical Corp. (Ronkonkoma, NY). These epoxides, except for propylene oxide, epifluorohydrin, and glycidyl trimethylammonium chloride, were purified by redistillation under reduced pressure (< 5 ram).
1,2-Epoxy-3-cyanopropane (epicyanohydrin) was synthesized from its allylic precursor, allyl cyanide (Aldrich) by the procedure of Van Duuren et al. (1971) . 1,2-Epoxy-3-butanone and glycidic acid methyl ester, were prepared by the method of Wellman et al. (1976) . 1,2-Epoxy-3-iodopropane (epiiodohydrin) was prepared from epibromohydrin and potassium iodide by the procedure of Nef (1904) .
1,2-Epoxy-3,3-dichloropropane (dichloropropylene oxide) was synthesized by the reaction of diazomethane and dichloroacetaldehyde with purification by chromatography over silica gel as described in Sinsheimer et al. (1987) . 1,2-Epoxy-3,3-dibromopropane (dibromopropylene oxide) and 1,2-epoxy-3,3,3-tribromopropane (tribromopropylene oxide) were prepared by similar reactions of diazomethane and their corresponding aldehydes. While tribromoacetaldehyde was commercially available (Aldrich), the dibromoacetaldehyde was prepared by bromination of acetaldehyde (Karabatsos et al., 1969 The purity of all epoxides was examined by thin layer chromatography (TLC) using 1 /zl of epoxide neat, on Silica-GF Uniplates (2 cm × 10 cm, 250 /x; Analtech, Newark, DE) using two solvent systems, dichloromethane and ethyl acetate. The compound was established to be suitable for testing when a single homogeneous spot was visualized under short-wavelength UV light and by spraying with NBP (Aldrich), a test to detect alkylating agents (Hammock et al., 1974) .
Rates of alkylation and hydrolysis
The rates of alkylation were compared by reaction of the epoxides at equimolar concentrations at 37°C for 20 min as previously described with NBP (Nelis et al., 1982) and with nicotinamide (Calbiochem, Los Angeles, CA) by the procedure of Nelis et al. (1981) .
The rates of hydrolysis were determined as in Giri et al. (1990) , with the exception that the reaction mixture contained 23.75 ml phosphate buffer and 1.25 ml of a 40 mM solution of epoxide in dimethylsulfoxide. Due to their low alkylation rates, six epoxides required a 30 min NBP incubation time. These compounds were propylene oxide, butylene oxide, methyl glycidyl ether, 1,2-epoxy-3-butanone, glycidic acid methyl ester and glycidyl trimethylammonium chloride. The resulting plots of absorbance versus time for all epoxides gave curves that were best described by first order rate kinetics, according to the following equation: Y= a(e-bX), where b is the decay rate parameter used in the QSAR analysis.
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Partition coefficients
Reverse-phase high-performance liquid chromatography (HPLC) was used to determine relative partition coefficients for the propylene oxide series of compounds (Carlson et al., 1975) . The mobile phase was 10% (v/v) methanol in water at a flow rate of 1.0 ml/min. The retention times were used to calculate the capacity factor k' according to the following formula: k'= (t Rto)/to, where t R was the compound retention time and t o was the solvent front void time. The partition coefficients, P, relative to propylene oxide, were calculated according to the equation:
Mutagenicity assays
Salmonella typhimurium strains TA100 and TA1535 were kindly provided by Dr. Bruce Ames (University of California, Berkeley, CA). The strains were maintained and routinely screened for their proper genetic characteristics as described by Maron and Ames (1983) . Cultures were grown by inoculating nutrient broth with the test strain the night before the test and then placed in a 37°C incubator overnight. Cultures were removed to a water bath and shaken at 37°C until they reached an absorbance of 0.78 to 0.85 at 560 nm.
The plate incorporation assay (PIA) was performed as described by Maron and Ames (1983) . The procedures for the liquid suspension assay (LSA) were as defined in Djuric et al. (1986) . For all mutagenicity testing, dose-response determinations were performed in triplicate and repeated on at least a second day. Colony counting was performed manually, and for those plates where counts exceeded 2000, the plates were subdivided into equal sections and the number of counts in several representative sections were determined and multiplied by the appropriate factor.
Statistics
The slope of the linear range of the dose-response curve for each epoxide was determined using the statistical procedures described by Bernstein et al. (1982) . The calculations were performed using the SYSTAT (SYSTAT, Inc., Evanston, IL) statistical program for personal computers.
Results and discussion
The physicochemical properties of the propylene oxides are listed in Table 1 . Electronic effects of substituent groups in aliphatic compounds are represented by Taft ~r* values. The Taft E s constants, molar refractivity (MR) and the STERIMOL parameters (L, B t, B2, B 3 and B 4) measure steric effects. Molecular volumes (vW) were calculated according to Moriguchi et al. (1976) . Partition coefficients, rates of decay (or hydrolysis), and chemical reactivity, as measured by the alkylation of two model nucleophiles, NBP and nicotinamide, were determined experimentally and are given in Table 2 . The results from the two alkylation assays were highly correlated (r = 0.99), indicating little difference in the relative rates of reaction of the epoxides toward either model bionucleophile.
Mutagenicity was determined by two methods, PIA and LSA, and in two strains, TA100 and TA1535. The mutagenic potencies of the propylene oxides, as measured by the slope of the linear range of the dose-response curve for each compound, are given in Table 3 for both assays and both bacterial strains. The LSA, where exposure occurs in a stoppered tube, was originally employed to address the problem of compound volatility, particularly for propylene oxide. The results do show greater mutagenicity for propylene oxide in the LSA than in the PIA, but there were disproportionate increases in mutagenicity for other epoxides in the series, especially for glycidol, the dichloro and the trichloro compounds. These differences were evident when the correlation between mutagenicity and alkylating strength was examined. A strong correlation was found between mutagenicity in TA100 as determined using the LSA and alkylation to nicotin- Hansch and Leo (1979) . vW, van der Waals volume, calculated according to Moriguchi et al. (1976) . b Value estimated from available values for mono-, di-and tri-fluoro, -chloro and -bromo substituent groups. amide (r = 0.96), whereas the correlation diminished for the mutagenicity as determined in the PIA (r = 0.64).
The mutagenicity of the propylene oxides, in the TA100LS A, was best described by the electronic effects of the substituent groups. Fig. 1 shows the relationship between mutagenicity, expressed as a log function, and Taft tr* values. When the regression line in the graph was calculated from the data excluding three compounds, the COCH3, COOCH 3 and CH2N+(CH3)3 derivatives, whose o-* values were not predictive of their alkylating ability, the correlation coefficient is 0.95 but is significantly lower with all compounds included (r = 0.61). That is, the mutagenicity of these three structurally distinct compounds is substantially lower than that predicted by their tr* values.
In addressing the lack of correlation between the LSA and PIA procedures, it was noted that glycidol, which had greater activity in the PIA, is 89 one of the most water-soluble members of the series and the di-and tri-chloro compounds, which showed greater activity in the LSA, are among the least soluble propylene oxides. Therefore, the differences between the methods might be explained by partition effects. To test if partition effects could account for method differences, a multiple regression model for the propylene oxides was developed where the mutagenicity in TA100LS A was defined as a function of the mutagenicity in TA100mA and an additional parameter. If no additional parameter was included, the correlation coefficient was 0.79. Inclusion of the partition coefficient parameter did not yield a higher correlation. None of the parameters in Table 1 measuring hydrophobic or steric effects improved the correlation.
A second possible explanation of the differences between the results of the two assays relates to the exposure time of the epoxide to the bacteria. Norppa et al. (1981) reported the effects (Carlson et al., 1975) . c Rates of hydrolysis at 37°C.
of trichloropropylene oxide, epichlorohydrin and glycittol on chromosome aberrations and sisterchromatid exchange in cultured human lymphocytes. They found little differences in the epoxide order of potency, which is in great contrast to the relative alkylating ability and mutagenicity of the epoxides to Salmonella and E. coli, particularly for trichloropropylene oxide. They attributed the lack of activity by trichloropropylene oxide to its short half-life, reducing the amount of epoxide available for binding to DNA. Barber et al. (1983) examined time dependence of reversion in the standard PIA Ames test and found that the bacteria were most sensitive to mutagens 6-8 h after plating. If a chemical with a rapid decay rate was tested in the PIA, the initial dose of chemical would not be representative of the actual dose to the bacteria as reflected in the mutagenicity resuits. In LSA, exposure of the epoxide to bacteria occurs over a relatively short 2-h incubation period. Exposure is halted by centrifugation of the bacteria and resuspension for plating in medium that no longer contains the test chemical. Thus, the effects of a short half-life would be less apparent in the LSA compared to the PIA. To test this hypothesis, epoxide decay rate, as measured by hydrolysis in an aqueous medium, was used as a parameter in comparing the two assays in the following equation: TA100Ls A = a (TA100pI A) + b(Decay) + c. The correlation coefficient for this equation increased to 0.98, indicating that epoxide stability was a factor in explaining the differing results between the two methods.
The mutagenicity results for the propylene oxides also show differences between the two bacterial strains, TA100 and TA1535. The differences are illustrated in Fig. 2 , which compares the results in the two strains using the LSA. It is apparent that there is general agreement be- the results for the B~ value, which is a measure of substituent group width (Verloop et al., 1976) , may suggest that steric effects play a role in strain differences, such inferences should be made with caution since the range of values in the B~ parameter is limited. Other possible causes of differences in mutagenic potency between the strains may relate to the alkylating strength of the epoxide or the type of adduct formed with DNA. The stronger alkylating epoxides, the di-and trihalogenated compounds, may cause greater levels of lethal damage to the bacterial DNA. This could result in greater induction of the SOS response, which allows the cells to repair lethal damage to DNA, but at the expense of accuracy in replication. Thus, a greater proportional increase in mutagenic activity is seen for those compounds with stronger alkylating ability. Furthermore, the reaction between epoxides and DNA can lead to imidazole ring-opening and depurination (Hemminki and Lax, 1986) , where the extent of ring-opening and depurination have been correlated to the electron-withdrawing strength of the epoxide substituent groups. These type of adducts may be more easily recognized by DNA repair systems, such as the error-prone repair system found in TA100. This could lead to increased mutagenicity in TA100 for those epoxides with high Taft or* values, the di-and trihalogenated compounds. Thus, the relative mutagenicity for our series of seventeen propylene oxides varies greatly among the four test systems studied. It is apparent that chemical reactivity is an important consideration in explaining these differences both as it may relate to the alkylation of DNA and to the half-life of the epoxides. Our previous in vivo results for trichloropropylene oxide and three other aliphatic epoxides (Giri et al., 1989 (Giri et al., , 1990 are analogous to the present in vitro Salmonella results in that compound stability, particularly that of the trichloro compound, is an important factor in explaining relative in vivo genotoxicity. It is interesting in this regard that while the present LSA results are highly correlated to epoxide reactivity, they may not be as predictive of epoxide genotoxicity in vivo as the PIA results since compound half-life is an important consideration both for in vivo and PIA studies.
